The influence of different wind stress bulk formulae on the response of the Southern Ocean circulation to wind stress changes is investigated using an idealised channel model. Surface/mixed layer properties are found to be sensitive to the use of the relative wind stress formulation, where the wind stress depends on the difference between the ocean and atmosphere velocities.
such experiments. However, it rules out the direct damping of the mesoscale 93 eddy field that takes place under relative wind stress and the role that this 94 might play in setting the sensitivity of the RMOC and/or stratification to 95 changing winds.
96
In this paper we seek to answer the following questions: 1) can the impact 
106
The sensitivity to wind stress changes across the full suite of experiments 107 is discussed in Section 5. We close with a summary and discussion of our 
144
The restoring time scale for the sponge varies from ∞ (no restoring) at the 145 southern edge of the sponge to 7 days at the northern edge of the domain.
146
The surface buoyancy flux and sponge restoring profile are as shown in Figs. 
154
where U 0 = (U x , U y ) is the peak wind velocity in the zonal and meridional 155 direction. For the experiments considered here, the peak meridional wind,
156
U y , is set to zero and the peak zonal wind, U x , varies from 0m s an additional 50 year diagnostic run is carried out. e.g. Gill and Bryan, 1971) 197
198 where the overbar indicates a time average, the angled braces an average in to large zonal transport in models without bathymetry.
203
[ the "bottom transport" (T b ) and the difference between this and the total 209 transport as the "thermal wind transport", given by T tw = T ACC − T b .
210
For the relative and equivalent wind stress control experiments, there is 211 no difference in T b (see Table 2 ), as one would expect from Eq. AABW cells are very similar at depth (see Table 2 ). This implies that there
244
has not been a large-scale weakening of the eddy-induced bolus overturn-
245
ing due to the damping of the eddy field in the relative wind stress control 246 experiment.
247
Examination of the mixed layer, defined as above the depth at which the 248 water is 0.8 • C colder than the surface (above the grey line in Fig. 2 The difference in EKE between the relative and equivalent wind stress 291 experiments persists throughout the water column, as shown in Fig. 4a .
292
This contrasts with the effect of surface heat flux damping of EKE, which 293 is confined to roughly the top 100m (see Fig. 5a of ZM14). The magnitude As noted in Section 3.1, the circumpolar transport due to T tw is different 318 between the relative and equivalent wind stress experiments. This is partly 319 due to the more steeply sloping isopycnals moving meridional gradients into 320 regions of lower f . Primarily, however, it is because the water at the south- 
333
In contrast to the approximate zonal momentum budget of Eq. (7), we 
340
i.e. that surface wind power input is balanced by bottom kinetic energy 341 dissipation. After Reynolds averaging in time, this becomes
343
where we have used that τ y τ x and v b u b . After AMF11, and assuming 344 only small deviations from the zonal mean, we may then use Eq. (7) to 345 rewrite this as 
where it is important to note that ρ a c d (U 10 − u s − u s ) is a scalar quantity
355
and we have written the surface ocean velocity as the sum of its time-mean
356
(u s ) and a small perturbation (u s ).
357
Via Reynolds' averaging, the time average wind stress can then be ap- Based on Reynolds' averaging, the time-varying wind stress perturbation 374 under relative wind stress can be approximated by 
384 Assuming that v s u s , consistent with the equivalent assumption regard-385 ing the bottom flow in Eq. (10), and neglecting the triple correlation, this This allows Eq. (10) to be written as
395
As the surface wind speed increases, Eq. (16) comparison is between resting ocean and relative wind stress experiments.
419
The difference between these two sets of experiments is typically ∼ 10 − 20%. 
420

426
This contradicts our intuition that relative wind stress should damp eddies.
427
However, as Fig. 6b shows, the bottom EKE under relative wind stress is 428 only marginally smaller than in the equivalent wind stress experiments.
429
In contrast to bottom EKE, the surface EKE of the relative wind stress wind stress experiments, which is expected to increase EKE everywhere, is 433 more than offset by the increased damping at the surface.
434
An increased wind stress can lead to an increase in the circumpolar trans-435 port by increasing u b , and thus T b , and/or by steepening isopycnals and 436 changing the buoyancy difference across the channel, and thus altering T tw .
437
The increase in u b leads to a linear increase in T b with wind stress, as one 438 would expect from Eq. (7) (not shown). In contrast, T tw varies non-linearly 439 with wind stress, as shown in Fig. 6c .
440
At zero wind stress, the isopycnals are very close to horizontal and T tw ∼ 0Sv. As the wind stress begins to increase ( τ x ≤ 0.25Nm −2 ), the isopycnals there is very little difference in sensitivity across the range of forcing used.
463
At high wind stress, τ x > 0.5Nm −2 , the relative wind stress experiments show a marginal decrease in sensitivity. However, on balance, it would seem reasonable to conclude that the use of relative wind stress does little to alter 466 the sensitivity of the deep RMOC to changing wind. and relative experiments also falls on the one-to-one line. 
Discussion and Conclusions
530
The Southern Ocean plays a major role in determining the prevailing 531 climate of the Earth system. As a result, the dynamics that govern its circu- Even though relative wind stress damps the eddy field, a form of eddy 559 saturation still takes place as wind stress increases. The total circumpolar 560 transport, T ACC , always increases with wind stress due to the strong con-561 straint on the bottom flow from the zonal momentum (see Eq. (7)). However,
562
it appears that the component of this transport due to thermal wind shear,
563
T tw , would level out at some finite value at very high wind stress (see Fig.   564 6c). A key detail is that the final T tw would be higher than that achieved 565 under the resting ocean approximation. This is due to a combination of It would be reasonable to expect that the damping of the surface eddy field 569 may lead to an increase in the sensitivity of the RMOC to changing wind 570 stress by reducing the ability of the system to adjust to a forcing change.
571
However, there is only marginal change to the sensitivity of the overturning 572 across the three sets of experiments considered here. In fact, because the 573 generation, as well as the damping, of the ocean's eddy field is an adjustable 574 aspect of the circulation, the decrease in eddy diffusivity is almost offset by 575 the increase in isopycnal slope. The result is an RMOC that has the same 576 sensitivity as in an ocean forced using the resting ocean approximation.
577
Relative wind stress damps the eddies adiabatically, by modifying their 
612
At the 10km grid spacing used here, the eddy field is permitted, rather 613 than strictly resolved. At this grid spacing the mature eddies are typically 614 quite well represented, although their formation processes certainly are not.
615
However, as noted in Section 2, this does not prevent a high degree of eddy rates. Therefore, whilst using a strictly eddy-resolving model may produce a 620 different slope in Fig. 7 , it is likely that the lack of a change in this slope be-621 tween equivalent and relative wind stress experiments would remain robust. Thermal expansion coefficient α 2 × 10 
